Abstract. The minimization of optical turbulence in and around the dome is key to reach optimum performance on large telescopes equipped with adaptive optics. We present the method and preliminary results of in-situ measurements of optical measurements made using sonic-anemometers. We show the impact of correcting the raw data for aliasing, path averaging, pulse sequence delays and Taylors' hypothesis. Finally, we highlight the occurrence of non-Kolmogorov turbulence which complicates the quantitative impact of the measurements on the telescope's resolution.
Introduction
The site testing campaign for the Thirty Meter Telescope (TMT) took place between 2003 and 2008 [1] . A minimum of 2 years of data were recorded at 5 sites: Cerros Armazones, Tolar and Tolonchar in Chile, San Pedro Martίr in Mexico and finally Maunakea in Hawaii which ended up being selected for the construction of TMT. The resulting data set includes an array of key parameters including meteorological parameters, turbulence, all-sky images, atmospheric transparency and sky brightness. These data have been made publically available and accessible online (www.sitedata.tmt.org).
Several instruments used during this campaign are seen as having a useful purpose during the operation of the telescope as well. One of them, a CSAT3 model sonic-anemometer was used at every site gathering temperature and wind velocity data from the 7m tower of the DIMM telescope. Thanks to the high cadence of the measurements (60Hz), it is in principle possible to use the wind and temperature to calculate the turbulence parameter 2 . Such capability makes this instrument ideal for in-situ measurements of turbulence inside an observatory. In such an environment, remote sensing is impractical and inadequate for highly localized measurements. Scintillometers for example, measure the turbulence over a given path instead of at a specific location. The only instrument commonly used for making pinpointed measurements of optical turbulence is the thin-wire microthermal sensor. This instrument is commonly used balloon-born to measure turbulence profiles of the atmosphere, but when used at a stationary location, its fragile construct means that it breaks under tough meteorological conditions. A sonic-anemometer, on the other hand is built to handle any conditions due to its metal frame and its lack of moving parts.
The goal is to use the sonic-anemometers operated during the TMT site testing campaign around key locations around the dome of the telescope to measure the turbulence field and minimize this turbulence to obtain the best possible on-sky resolution. In this paper, we present the initial work made to transform the sonic-anemometer data into accurate turbulence measurements. We summarize how the raw temperature and wind velocity data were combined and corrected to obtain time series of the turbulence figure of merit:
2 . We also open a discussion on an observation made during the analysis of these data: non-Kolmogorov turbulence.
Sonic-Anemometer data
While the completion of the construction of TMT is still a few years away, testing the CSAT3 suitability can be done on existing data. A very large sample of raw temperature and wind velocity data was sampled at 60Hz, totaling to approximately 35GB per site, and is available for the five sites studied in the campaign. The sonic-anemometers were located at a height of 7m above the ground, attached to the structure of the DIMM telescope tower. They were installed upwind on an extended arm to keep the head of the sensor 1.5m away from the dome structure. In addition to this setup, 30m towers were installed on Cerro Armazones and Cerro Tolonchar and three anemometers were installed at 10, 20 and 30m to obtain a vertical profile of the site's weather conditions. In this paper however, we will focus on a small subset of the data using the first 3 months of the Maunakea dataset. As the next section will show, the data reduction is computer intensive and this smaller dataset allows us to more easily test the analysis routines and draw initial conclusions on how to proceed with the full analysis.
To understand the processing of the raw data described in the next section, it is important to know the basics of the instrument in question. The CSAT3 uses three pairs of acoustic transducers with the geometrical characteristics shown in Figure 1 . A sonic pulse is sent from one transducer to its opposing counterpart. The temperature θ, often referred to as "sonic temperature", is deduced from its simplified relationship to the speed of sound:
This temperature is therefore an average of the temperature inside the cylindrical beam the pulse travels through. Each pair of transducer takes turn to go through a cycle of sonic emission/reception to give for each a wind speed along the line of the transducers pair. From these and using simple geometry, the x, y and z component of the wind velocity can also be calculated. Sixty times per second a sonic temperature and three wind speed components are measured and recorded by the instrument along with a quality flag. This quality flag is used to identify times when the sonic beam was blocked (by ice for example) or simply of poor accuracy due to a low signal to noise ratio. Such data were discarded all together from our analysis. Finally the data are divided into 2mn blocks from which the temperature power spectrum ( ) and the mean wind speed U are calculated. It is from these parameters that the turbulence can be calculated: 2 = 13.67 ( )
In reality however, it is important to carry out some corrections to the temperature power spectrum before applying it to the above formula. In the section below, we describe and estimate the different types of correction that are required to transform the sonic-anemometer's date into real single point measurements of temperature and wind velocity. It is with this corrections that we can aim for the most accurate turbulence measurements possible.
Data correction

Aliasing and white noise
With a limited sampling speed of 60Hz, the range of measurement is limited to a Nyquist frequency of half this value and subjected to aliasing effects like any other digital sampling. The energy above this frequency is however folded back into the observed range which is visible in a raw power spectrum in the form of an "uptail" in the high frequency end of the spectrum. The corrected power spectrum is deduced from the aliased power spectrum ( ) through the relation:
where = | + 2 | and ( ) is the attenuation caused by the processes described in the subsections below. Figure 2 shows the visual effect of de-aliasing the power spectrum, removing the folded energy and linearizing the power spectrum in the log space. From this de-aliased spectrum, white noise can easily be removed since the CSAT3's noise is independent of sampling rate and approximately equal to = 0.004°. A constant value of 2 / is therefore subtracted from the power spectrum.
Sonic path-averaging
As visible in Figure 1 , the sonic pulse has to traverse a volume of air to go from the emitting transducer to its receiving counterpart. The size of this path is not negligible with a vertical distance of 10cm and therefore has the effect of averaging over that volume. This averaging, which affects both temperature and wind speed measurements, is aggravated by the fact that the anemometer needs to combine the data from the three paths. The temperature averaged over a path p is related to the punctual temperature at the centre of the path, 0 , following:
The mathematical leap to the Fourier space, which is described in [2] , leads to a transfer function which must be applied to both temperature and wind speed power spectrum.
Pulse sequence delays
A full cycle of measurements with the CSAT3 requires 6 pulses: one in each direction for each pair of transducers. This sequence takes a total of 13.4msec during which the turbulence has not been stationary. This effect studied initially by Larsen et al. [3] and updated by Nielsen and Larsen [4] constitutes an attenuation and a cross contamination of the temperature and wind velocity spectra. For example, the temperature measurement made by the CSAT3, , is an average of the measurements of the three paths and is related to the true sonic temperature, , via:
where w is the wind speed along the three paths a, b and c of the instrument. Its Fourier transform leads to a correction factor dependent on spectra and co-spectra of both temperature and wind velocity. The temperature power spectrum is therefore attenuated by a factor which is used in the net spectral correction. After the temperature power spectrum has been de-aliased and white noise was removed, a net correction that takes consideration of both pulse delay and path averaging:
where = 2 and the derivation of the attenuations factors can be found in the references above.
Taylor's hypothesis
The final spectrum is corrected for Taylor's hypothesis which is assumed above. This is done out of completeness only and not necessary for our data, since we found it to only contribute a correction of about 1%, Wyngaard and Clifford [5] show that the ratio of the measured to real power spectrum is:
where u, v and w are the wind speed along the x, y and z as labelled in Figure 1 . 
Results
As mentioned earlier, applying all the corrections to a power spectrum is quite computer intensive and the purpose of testing it on a subset of the data is to test the software and get an idea for the size of the correction. If the effect is found to be very small, the correction can simply be ignored and if the effect is systematic, it can at least be simplified. With the wide variations of 2 that can be encountered throughout a night of measurement, a random variation of 5% could, for example, easily be considered acceptable. So the first obvious comparison is that of the corrected 2 versus its raw counterpart. Figures 3 and 4 show the effect of the correction on the data subset. The correction systematically decreases the value of the measured turbulence with a mean correction corresponding to a 16% decrease. The scatter in the correction is also small as it never exceeds 30%. The line of best fit, shown in grey on Figure 3 as a slope of 0.95, meaning that the intensity of the turbulence has little effect on the size of the correction. Looking at the data a bit deeper, we can see that the parameter affecting the correction is, not surprisingly, the wind speed since it impacts both the path averaging and pulse delay elements of the correction (i.e. a higher wind speed moves an air volume further between each pulse). Figure 5 shows an almost systematic increase of the correction factor with wind velocity. This relationship is even linear enough to be used as a crude correction method (the dip between 2 and 4 .
−1 is most likely due to low number statistics) and shows that inside an observatory, where the wind speeds will be low, the correction may even have a small effect 
The problem of non-Kolmogorov turbulence and conclusion
The analysis of these data had the unintended consequence of attracting our attention to a more fundamental problem. Equation 2 assumes a Kolmogorov turbulence spectrum, which has a frequency dependence with a -5/3 power law. In reality, however, the power spectrum does not always have such a frequency dependence. Leaving aside the practical difficulties and choices that are necessary to fit a power law to a noisy spectrum, we found that not only was the slope of the power spectrum in log space not always equal to the expected -5/3 but had some systematic variations with the time of the day (see figure 6 ). The nature of these variations are likely linked to the stability of the turbulence and its interaction with the ground and physical features. With an instrument only 7m from the ground, and in even closer proximity with a metallic tower, it is not surprisingly to find turbulence conditions that are not fully developped. But the question persists: as the intended purpose is to use this instrument inside and around an observatory, how does one measure non-Kolmogorov turbulence and translate the data to a quantity that can then be used to estimate the telescope loss of resolution contributed by this dome turbulence? Figure 6 . Slope of the power law (in log-space) as function of the time of the day.
The instrument was only operated in night time but the data suggest that the turbulence conditions only approach Kolmogorov a few hours after sunset.
